INTRODUCTION
Mycobacterium avatlm-intracelldare complex (MA1 complex) organisms cause chronic pulmonary infections in elderly people with pre-existing lung disease, lymphadenitis in children and systemic bacterial infection in patients with AIDS in the developed world (Rosenzweig & Scheulter, 198 1 ; Lai et al., 1984 ; Inderlied e t al., 1993). M. avium also causes tuberculosis in birds and mainly local granulomatous infections in cattle and other animal species (Thoen et al., 1994) . The possible association between these diverse clinical manifestations with as yet unknown virulence markers, possibly occurring in only certain subtypes of the MA1 complex, represents an important 1989; Boddinghaus e t al Tomioka e t al., 1993) . Serotyping showed that patients with AIDS are infected almost exclusively with M. avitlm (Tsang e t al., 1992) .
However, up to one-third of all isolates cannot be serotyped due to autoagglutination or failure to react with any serum (Tsang et al., 1992; De Smet e t al., 1995) and inconsistencies between serotyping of the same strains in six different laboratories have been reported (Wayne e t al., 1993) .
A kit based on the hybridization with species-specific oligonucleotides (Accuprobe, from Gen-Probe) can differentiate between M. avi~m and M. intracelidare at a genetic level. Using this kit, it has been demonstrated that these two species have different drug resistance profiles (Guthertz et al., 1989; Saito et al., 1989) and that the prognosis of pulmonary disease is better for patients with M. intracelidare infection (Yamori & Tsukamura, 1992) .
However, a number of MA1 complex reference strains as well as clinical isolates have been found negative with both Accuprobes (De Smet e t a/., 1995 ; Saito et a/., 1990 , Tomioka et al., 1993 Wayne et a/., 1993) .
Sequencing part of the 16s rRNA gene has also been used for identifying mycobacteria, including those from the MA1 complex (Kirschner et al., 1993) . This supported the classification based on serotyping and found sequence variation within M. intracelldare, but not in M. avium (Boddinghaus et al. , 1990) .
Recently, subtyping of MA1 complex isolates has been performed by sequencing the 16s-23s rDNA internal transcribed spacer (ITS) (Frothingham & Wilson, 1993) . Because this 280 bp region of the rRNA operon is transcribed but does not code for a final product, it allows more sequence variation than the 16s rDNA, and is therefore suitable for sub-species classification (Frothingham & Wilson, 1993) . By analogy with the definition for 'serovar', a strain with a specific ITS sequence is said to belong to a specific 'sequevar' (Frothingham & Wilson, 1993) . Analysis of 35 MA1 complex reference strains identified four M. avit/m sequevars (named Mav-A to Mav-D), differing by one or two basepairs, while only one M. intracellhre sequevar (Min-A) was identified. Seven serovar reference strains belonged to sequevars with ITS sequences that differed from both Mav and Min ITS sequences by 10-31 basepairs and were designated as MAC-A to MAC-G. These data support the view that the MA1 complex consists of more than two species (Frothingham & Wilson, 1993) .
Sequevar typing has so far been applied only to a limited number of clinical isolates , but eight isolates from US patients with AIDS had the Mav-B sequevar and three the Mav-A sequevar. By contrast, MA1 complex isolates from eight patients with pulmonary disease had MAC-A and Min-A sequevars.
The purpose of this study was to further evaluate sequevar typing using a collection of 46 MA1 complex isolates from AIDS patients, pulmonary infections and lymphadenitis, and from animals. This analysis extends the number of different sequevars found in clinical samples from five to ten. The Mav-B sequevar was associated with AIDS and child lymphadenitis, whereas isolates with Mav, Min and MAC sequevars were found in elderly patients with pulmonary disease. Animals had only Mav sequevars, mainly Mav-A.
METHODS
Source of MA1 complex isolates Forty-six isolates from several clinical sources were selected from a larger, previously described collection (Hellyer e t al., 1991 (Hellyer e t al., , 1993 De Smet et al., 1995) . Selection was biased towards isolates that were serotyped and we avoided repeat isolates from the same patient. All isolates were identified biochemically as belonging to the MA1 complex by a diagnostic laboratory. They have all been analysed for the presence of plasmids (Hellyer e t al., 1993) , all except the M. avitlm subsp. parattlberctllosis isolates have been serotyped, and 28 of the 46 isolates were tested with the Accuprobe kit (De Smet e t al., 1995) .
Seven isolates were obtained from AIDS patients attending St Mary's Hospital, London, three US AIDS isolates were provided by Dr R. A. Ollar, St Vincent's Hospital, New York, USA, and the remaining AIDS isolates and all non-AIDS isolates were obtained from two diagnostic laboratories serving several hospitals in England and Wales. The organisms from 22 AIDS patients were isolated from faeces (ll), sputum (5), blood (3) or other samples (3). Isolates from 12 elderly UK patients with pulmonary disease, not suspected of being HIV infected, were from sputum samples (six male and six female, aged 59-79 years). Four UK children with lymphadenitis provided cervical or submandibulary lymph node biopsy samples.
Of the animal MA1 complex isolates, seven were isolated from cattle (including two M . avitlm subsp. parattlberculosis) and two each from pigs and pigeons. Animal isolates were provided by Dr A. Nolan of the Central Veterinary Laboratory, Weybridge, UK.
Extraction of DNA. The isolates were cultured on L J slopes and DNA was extracted using N-cetyl-N,N,N-trimethylammonium bromide (CTAB) as described by Van Soolingen e t a/. (1991) . The concentration was estimated by running an aliquot on a 0.8% agarose gel and diluted to approximately 10 ng p1-l.
Sequevar determination.
The primers ' 16s ' and ' 23s ' were adapted from those described by Frothingham & Wilson (1993) , and had the sequences TTGTACACACCGCCCGTCA and CGATGCCAAGGCATCCACC. They were derived from the sequence near the ends of the 16s and 23s rDNA, and amplify a region of approximately 480 bp, containing the entire ITS sequence and the ends of both genes. Approximately l o n g genomic DNA was amplified in a total volume of 50 pl containing 0.5 pM of each primer, 200 pM of each nucleotide, 5 p1 10 x Boehringer PCR buffer and 2.5 U Taq polymerase (Boehringer), covered by one drop of mineral oil. The DNA was amplified with two cycles of 95 OC for 2 min, 55 "C for 1 min and 72 "C for 1 min, followed by 28 cycles of 92 "C for 1 min, 55 O C for 1 min and 72 OC for 1 min, and one cycle of 72 OC for 9 min, using an Omnigene (Hybaid). Blank controls (samples without DNA) were used for every five samples.
Five microlitres of this PCR reaction was analysed on a 1.5% (w/v) agarose gel. The PCR product was precipitated by mixing the remaining 45 p1 with 55 pl of 25% PEG, 6 mM MgCl,, 0.55 M sodium acetate pH 5.2. This was left at room temperature for 15 min, centrifuged, washed with 70% (v/v) ethanol and dissolved in 20 pl water. Two microlitres was used for cycle sequencing with the Cyclist Exo-Pfu DNA sequencing kit (Stratagene), according to the manufacturer's instructions using the 23s primer and the thermal cycling programme described above.
Sequencing part of the 165 ribosomal RNA gene. The primers '264' (sequence TGCACACAGGCCACAAGGGA) and ' 285 ' (GAGAGTTTGATCCTGGCTCAG) are described by Kirschner et al. (1993) and amplify the 16s rRNA gene from nucleotide 9 to 1046 (numbering based on Kirschner e t al., 1993). The reaction volume and composition were as described above and the DNA was amplified with 30 cycles of 94 OC for 1 min, 68 "C for 3 min. The PCR product was precipitated and used for cycle sequencing as described above using the primer '244' (CCCACTGCTGCCTCCCGT) and the thermal cycling programme for the PCR with the primers 264 and 285. Species assignation was based on finding a perfect match with the DNA sequence of the hypervariable region A, between nucleotides 129 and 266 (Kirschner et al. 1993) .
Avoiding PCR contamination. To minimize the chance of contaminating pre-PCR samples with post-PCR products (the most common cause of false positives), a three-room strategy was used, with pre-PCR manipulations in one room, the amplification in a second and analysis and sequencing in a third (Kwok & Higuchi, 1989) . Since the sequencing itself amplifies only part of one strand and is thus a linear rather than an exponential amplification (producing only 30 partial copies of ssDNA rather than > loe copies of dsDNA), the production of significant amounts of false positives was minimal and all the sequencing manipulations were therefore performed in the third room.
Serotyping and Accuprobe analysis. The serotyping and Accuprobe analysis of these isolates has been described before (De Smet et al., 1995) . Briefly, serotyping was performed by agglutination and adsorption according to Good & Beam (1 984) , except that half the volumes were used throughout. Analysis with the Accuprobe culture identification kit (GenProbe) was according to manufacturer's instructions.
Phylogenetic analysis. Published sequevar sequences were obtained from the GenBank or EMBL databases: accession numbers LO7855 (Mav
All computer analyses were performed using the Wisconsin Sequence Analysis Package (GCG), version 8.0. Both GenBank and EMBL were searched for homologies using FASTA and BLASTN. Sequences were aligned using the PILEUP program, except for MTC-A and Mtb-A, which were edited before the alignment by adding some extra gaps. Default values of the program were used. Homologies between the aligned sequences were calculated using the program DISTANCES and the Jukes-Cantor correction method. The output of the DISTANCES program was used to construct a rooted phylogenetic tree with the GROWTREE program, using the UPGMA algorithm.
RESULTS

Sequevar determination
A PCR product for sequevar determination was obtained for all isolates at the first attempt. None of the blank controls gave false-positive amplification. Analysis of the PCR products on a 1.5% agarose gel showed a single band of about 480 bp, except for isolate C8557, which appeared to be slightly smaller. Sequencing of the 45 different PCR products yielded one of 12 different sequences ( Fig. 1 ). Of these, five corresponded to the previously described Mav-A, Mav-B, Min-A and MAC-A sequevars and the M. scroftlaceum sequevar Msc-A (Frothingham & Wilson, 1993 . Of the seven newly identified sequences, four differed by one to three basepairs from known Mav or Min sequevar sequences and we thus named the corresponding new sequevars Mav-E, Min-B, Min-C and Min-D (Fig. 1 
Mav and Min sequevars
The three M. avium sequevar sequences Mav-A, Mav-B and Mav-E differed by one or two substitutions and one insertion. The vast majority of human isolates (22 out of 25) belonged to sequevar Mav-B, with only two Mav-A and one Mav-E. Mav-A was found in three out of five animal M. avium isolates (see Table 4 ). The two pig isolates were both Mav-B, while the cow and woodpigeon isolates were all Mav-A. Interestingly, the two M. avium subsp. paratuberedosis isolates belonged to the Mav-A sequevar. No isolate belonged to the previously reported Mav-C or Mav-D sequevars (Frothingham & Wilson, 1993) .
Four Min sequevar sequences differing by one to three substitutions were identified among the clinical isolates from pulmonary disease, but not from AIDS patients or animals ( Fig. 1, Table 4 ).
Other sequevars
Five other sequences (in six isolates) differing by at least 15 bp from Mav and Min sequevar sequences were identified (Fig. 1) . Two of these had previously been designated as MAC-A and the M. scrofulaceum sequevar Msc-A (Frothingham & Wilson, 1993 . Three other sequences, identifying the sequevars MAC-I, Msi-A and MTC-A, could not be assigned to known ITS sequences by searching the EMBL or GenBank databases.
These six isolates were further examined for species identification by sequencing part of their 16s rRNA gene (Table 1) (Kirschner e t al., 1993) . Isolate D32016 (sequevar MAC-A) had a region A 16s rDNA sequence identical to M. intracellt/lare, and was thus identified as M.
intracelltllare. Isolates D31787 and D40469 were members of the same sequevar; their region A 16s rDNA sequence differed slightly from the type strain of M. intracelltllare, but was identical to the serotyping reference strain 'M. intracellulare serovar 18 ' (Boddinghaus e t a/., 1990). These isolates were thus also considered to belong to the MA1 complex. Consequently, the new ITS sequevar containing these two isolates was named MAC-I databases, but showed the highest homology to M. nonchromoxenicum and M. triviale. It was therefore considered to be a member of the M. terrae complex, which contains these species (Wayne & Kubica, 1986 ) and its sequevar thus named MTC-A. All isolates tested had been included in this study because they had been identified biochemically as belonging to the MA1 complex in a routine diagnostic setting. However, DNA sequencing showed that three of the 46 isolates were other mycobacterial species and had thus been incorrectly identified as MAI.
Mav-A AAGGAGCACC ACGAAA--AG CACCCC-AAC TGGTGGGGTG -CGAGCCGTG AGGGGTTCCC GTCTGTAGTG GACGGGGGCC GGGTGCGCAA CAGC------
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Association of sequevars with serovar and Accuprobe analysis
Most of the isolates had previously been serotyped and/or tested by Accuprobe (De Smet etal., 1995) . All but two of the isolates with a Mav sequevar belonged to a serovar associated with M. avium (that is, serovars 1-6,8-11 , 21 or 28)( Table 2 ). The two aberrant isolates belonged to sequevar Mav-B and serovars 12 and 13, and were from a lymphadenitis and an AIDS patient respectively. There was no association of specific serovars with sequevars : different isolates with the same serovar could belong to either the Mav-A, Mav-B or Mav-E sequevar (data not shown). All the isolates belonging to the Min, MAC-I, Msi-A and MTC-A sequevars were members of serovars associated with M. intracellulare, while the Msc-A and MAC-A isolates were not typable.
There was a perfect correlation between sequevar and Accuprobe analysis for identification of M. avium and M.
intracellulare (Table 3) . One isolate with the MAC-A sequevar was also positive with the M. intracellulare
Accuprobe. This is in agreement with the region A 16s DNA sequencing, which found an M. intracelldare sequence for this isolate. The other MAC-A isolate and the MAC-I isolates were not tested with the Accuprobe.
Association of sequevars with the clinical source
The four groups of isolates (AIDS, pulmonary disease, lymphadenitis and animals) showed clear differences in the distribution of sequevars (Table 4) . Isolates from AIDS patients showed a striking predominance of sequevar Mav-B (18 out of 22 isolates, or 18 out of 20 MA1 complex isolates) and one each of Mav-A, Mav-E, Msi-A and MTC-A. Interestingly, Mav-B was also found in three out of four lymphadenitis patients. By contrast, the Min-A sequevar was the most prevalent in pulmonary disease patients (4 out of 13 tested), but there was much more variety in this group. All Min and MAC sequevars identified were found only in this group and none in either AIDS, lymphadenitis or animals. 
Phylogenetic analysis
A phylogenetic tree was constructed using the UPGMA algorithm with all the sequevars described here, all previously described Mav, MAC and Msc sequevars, as well as the Mtb-A sequevar and the published M. habana and M. paratubercdosis ITS sequences Ji et al., 1994 ; Van der Giessen e t al., 1994) (Fig. 2) . All Mav, Min and MAC sequevars fell into one group containing three clusters. This group was separate from the M. scroftlacezim sequevars Msc-A and Msc-B, confirming the phylogenetic identity of the MA1 complex.
The MAC-A sequevar clustered with the Mav sequevars, despite being identified as M. intracelidare by sequencing part of the 16s rRNA gene and Accuprobe analysis. However, it is noteworthy that Frothingham & Wilson (1 993,1994) obtained a similar clustering using a different algorithm.
DISCUSSION
The current routine of clinical laboratory testing is mostly limited to the identification of organisms within the MA1
complex, but without differentiation between M. avium and M. intracelidare (Inderlied e t al., 1993) . However, the potential clinical importance of species identification has been suggested by reports that these two species have different drug susceptibilities (Guthertz e t al., 1989 ; Saito e t al., 1990) and different prognosis in pulmonary disease (Yamori & Tsukamura, 1992) , and that MA1 complex isolates from AIDS patients are almost exclusively M.
avitlm Tsang e t al., 1992 identified from cultures in a few hours. With the development of PCR and the direct sequencing of PCR products, it has become feasible to quickly identify any mycobacterial isolate using a single test by sequencing part of the 16s rRNA gene (Boddinghaus et al., 1990; Kirschner et al., 1993) . However, these DNA-based tests Sequence analysis of M. avizm-intracelltrfare complex do not show variations within these species and therefore are not suitable for strictly epidemiological investigations.
'ITS sequevar' typing, based on sequencing of the internal transcribed spacer (ITS) between the 16s and 23s rRNA genes, has recently been described to subdivide the MA1 complex (Frothingham & Wilson, 1993) . By analysing 46 isolates from different clinical sources, we found that 22 out of 25 M. avitlm isolates from human sources in the UK belong to the same sequevar, Mav-B, in both AIDS patients and child lymphadenitis. On the other hand, both Mav-A and Mav-B were common among the animal-derived strains. Among the isolates from 12 elderly patients with pulmonary disease, we identified eight different sequevars.
It is unlikely that the sequence differences between the different isolates are due to errors in the PCR. It is well established that the Taq polymerase often incorporates the wrong nucleotide, which can lead to incorrect sequence data if this aberrant fragment is cloned before sequencing (Eckert & Kunkel, 1993) . However, this is unlikely to be the explanation for the sequence variation we found.
Because we started with a large amount of DNA (over 10 ng or lo6 copies) and sequenced the whole pool of PCR products, mistakes in the amplification of single nucleotides in a single copy would not affect the direct sequencing data of the whole pool. The different sequences thus truly represent genetic diversity or different ' sequevars '.
Sequevars within species
This study extends the number of sequevars within the M.
avitrm species to five (Mav-A to -E). The finding of the Mav-A sequevar for both M. avitrm subsp. paratuberculosis isolates tested supports the classification of this mycobacterium as a subspecies of M. avitlm (Thorel etal., 1990) . However, in another study the ITS of M. avium subsp.
paratuberchis contained one basepair difference from the Mav-A and two basepairs from Mav-B ITS sequences (Van der Giessen e t al., 1994), indicating the existence of at least two sequevars in this subspecies. Similarly, a recent publication has described the ITS sequence of M. habana, which is an older name for M. simiae (Ji et al., 1994) . There were seven basepair differences between this published sequence and our Msi-A sequevar sequence, suggesting heterogeneity within this species as well. On the other hand, no ITS sequence variation was found (Frothingham & Wilson 1993 should be contacted to assign names.
Comparison of sequevar analysis with other techniques for species identification
All isolates were included in this study after they had been identified as belonging to the MA1 complex by biochemical analysis in a diagnostic laboratory. Sequence analysis revealed that three of these were M. Taking these findings together, it has to be concluded that serovars are not entirely species specific, a conclusion that is supported by other anecdotal reports of similar discrepancies between serotyping and DNA-based techniques within the MA1 complex (Frothingham & Wilson, 1993; Wayne e t al., 1993) .
Association of sequevar with clinical source
Our data suggest that Mav-B is associated with human disease, while Mav-A is found predominantly in animal infections. Alternatively, it is possible that Mav-B is the most common sequevar in the environment, which is reflected in the infection rate of AIDS patients. The prevalence of serovars in AIDS patients was correlated with those found among environmental isolates in several cities in the USA (Tsang e t al., 1992) . However, our cow and pigeon isolates were all Mav-A (three out of three isolates), supporting the hypothesis that there is a correlation between sequevar and host range. It should also be noted that most M. avium serovar reference strains, which were mainly derived from animal and environmental sources, belonged to sequevar Mav-A (Frothingham & Wilson, 1993) .
On the other hand, there was no association between sequevars and host among the human pulmonary disease isolates. While the majority belonged to M. intracellulare (Min and MAC sequevars), there were also two infections due to M. avium. This suggests that all these different sequevars may have similar virulence factors for causing pulmonary infections.
Concluding remarks
Our findings suggest that individuals with systemic immune deficiency (e.g. AIDS) or infants with an immature immune system harbour predominantly M. avium sequevar Mav-B, while chronic infections with M.
intracelldare of different Min and MAC sequevars are established in elderly patients. Organisms from the MA1 complex cause a wide range of pathogenic conditions not only in humans but also in a wide range of hosts. It would therefore be of interest to analyse more animal and environmental isolates to further investigate whether individual sequevars associate with distinct pathogenic mechanisms or hosts and to characterize the virulence factors involved.
